Abstract
Introduction
Acute myeloid leukemia (AML) is a heterogeneous disease for which cytogenetic and molecular abnormalities at diagnosis are the most important prognostic factors and decide the course of postremission therapy (PRT) [1] [2] [3] . According to the guidelines of National Comprehensive Cancer Network (NCCN) [4] , patients with AML can be divided into three risk status groups: good, intermediate, and poor risk. Patients with goodrisk AML are recommended to undergo high-dose cytarabine-based chemotherapy. Patients with poor-risk AML are recommended to undergo allogeneic stem cell transplantation (alloSCT). However, the best PRT for patients with intermediate-risk AML in first complete remission (AML/CR1) is still uncertain [5, 6] . Currently, the choice of PRT comprises repeat cycles of consolidation chemotherapy, stem cell transplantation (autoSCT), and alloSCT [7] .
In comparison with consolidation chemotherapy, autoSCT enables the administration of high-dose therapies supported by stem cell infusion, which leads to lower relapse rate (RR) [8, 9] . Since the stem cell source shifted from bone marrow to peripheral blood, the treatment compliance of autoSCT has improved and the treatmentrelated mortality (TRM) has been reduced due to accelerated hematopoietic reconstitution [8, 10] . In recent reports, autoSCT showed a higher long-term relapse-free survival (RFS) than that of chemotherapy in patients with AML/CR1 having intermediate cytogenetics [6, 8, 9, 11] . The main disadvantages of autoSCT are the possibility of contamination of leukemic cells in the stem cell product [12] and the absence of graft-versus-leukemia effect, which lead to a higher RR than that of alloSCT.
Over the past 4 decades, alloSCT has proved to be a curative treatment for intermediate-risk AML. Metaanalyses of prospective clinical trials have shown that alloSCT from matched sibling donors (MSDs) provides significant RFS and overall survival (OS) benefits for patients with intermediate-risk AML/CR1, compared with non-alloSCT therapies [13, 14] . However, these metaanalyses did not specifically investigate the cohort receiving only autoSCT. By contrast, other studies that compared alloSCT from MSDs or matched unrelated donors (MUDs) with autoSCT showed that there was no RFS or OS benefit for patients with intermediate-risk AML/CR1 [15] [16] [17] [18] . Furthermore, although alloSCT is associated with a lower RR, it is still associated with higher incidences of TRM, graft-versus-host-disease and infections [19] .
The lack of potential stem cell donors has long been a major limitation for using alloSCT. Fortunately, recent advances have greatly expanded the pool of alternative donor sources, including MUDs, haploidentical donors, and umbilical cord blood [20] . AutoSCT has become less popular. However, molecular makers (e.g., nucleophosmin 1 [NPM1] and fms-like tyrosine kinase 3 internal tandem duplications [FLT3-ITD]) [2], as well as minimal residual disease (MRD) status at the time of transplantation [21] , have been shown to predict outcomes after different modes of PRT. Hence, we asked, in the current era, whether there was a role for autoSCT in the treatment of patients with intermediate-risk AML/CR1. To arrive at comprehensive estimates of the survival benefit from the totality of the data available, we performed a meta-analysis of all studies that compared alloSCT with autoSCT in patients with intermediate-risk AML/CR1.
Methods

Publication Search
We searched the PubMed, Embase, and Cochrane Registry of Controlled Trials databases (updated March 2018), using the following terms: autologous; allogeneic; acut* and leukem*/leukaem*/ leucem*/leucaem*/aml; and myelo* or nonlympho*. The PubMed and Embase searches were restricted to adults, humans, and English language articles. We limited the publication type to comparative clinical studies. The titles, abstracts, and references lists were screened to identify eligible studies, and clearly nonrelevant articles were discarded. Recent reviews and meta-analysis were also assessed to identify other potentially eligible studies [13, 22, 23] .
Study Selection
We included all published clinical studies of adults with intermediate-risk AML/CR1 that compared alloSCT with autoSCT with survival outcomes. The intermediate risk classification was defined by cytogenetic and molecular abnormalities. The outcomes were OS, RFS, TRM, and RR. When multiple articles were reported on the study, the most updated data were analyzed.
Data Extraction
Two authors independently extracted the data from the chosen studies using a prepiloted data collection form. The data collected included the following: first author, publication year, number of patients receiving alloSCT versus autoSCT, median patient age (years), median follow-up duration, stem cell source (bone marrow or peripheral blood), donor category of alloSCT (MSD or MUD), conditioning regimen, assessment criteria for intermediate-risk AML, and so on. We recorded the OS and RFS (also reported as disease-free survival, or leukemia-free survival) according to the individual studies. Data on TRM (also reported as nonrelapse mortality) and RR were also collected.
Data Synthesis
The meta-analysis was performed using STATA (version 12.0) software. The threshold of significance was p < 0.05. Egger's test and funnel plots were used to investigate publication bias for RFS and OS outcomes. I 2 statistic was used to assess statistical heterogeneity, with I 2 > 50% set as the cut-off to indicate significant result heterogeneity. Hazard ratios (HRs) and 95% confidence intervals (CIs) were collected from each study. When HRs and CIs were not given in a paper, data were calculated by the method of Tierney et al. [24] . A forest plot with combined HRs (with 95% CIs) for OS, RFS, TRM, and RR benefits of alloSCT versus autoSCT was constructed using fixed-effects analysis. In the subgroup analyses, we assessed OS and RFS benefits according to the donor category of alloSCT, that is, alloSCT from MSDs versus autoSCT and alloSCT from MUDs versus autoSCT. Tests of interactions across the subgroups were performed to evaluate whether the benefits of alloSCT varied significantly between the donor categories.
Results
Study Searches/Selection
Initial searches yielded 2,868 articles after removing duplicates (Fig. 1) identified from recent review articles and meta-analyses. After screening, 2,849 articles were excluded on the basis of relevance, design, appropriate outcome data, and republications. The remaining 19 articles were retrieved for further review. Five studies [2, 14, [25] [26] [27] that evaluated alloSCT versus non-alloSCT therapies (consolidation chemotherapy and autoSCT) for patients with intermediate-risk AML/CR1 were excluded, because they did not perform a separate analysis on patients treated with autoSCT. One trial conducted by Pfirrmann et al. [6] was excluded as the authors used their own criteria rather than cytogenetic and molecular criteria to categorize the patient group. One study that compared autoSCT followed by immunotherapy with alloSCT for intermediaterisk AML/CR1 was excluded [28] . Another study that compared haploidentical transplantation with autoSCT was also excluded, since it was different from other studies using MSDs or MUDs as donor for alloSCT [29] . Finally, 11 clinical studies that compared the survival outcomes of alloSCT and autoSCT for intermediate-risk AML/CR1 were selected.
Study Characteristics
The characteristics of the 11 included studies are summarized in Tables 1 and 2 . The median sample size was 254 patients (range 80-1,133). It is noted that the standard characteristics of intermediate-risk AML consist of cytogenetic and molecular abnormalities. The cytogenetic criteria used in different studies are substantially similar, that is, intermediate-risk cytogenetic abnormalities include normal cytogenetics, +8, and all other cytoge netic abnormalities. Molecular abnormalities including FLT3-ITD and NPM1 mutations can further refine cytogenetically normal AML. FLT3-ITD mutations are associated with an unfavorable prognosis, whereas NPM1 mutations in the absence of FLT3-ITD are associated with a relatively favorable outcome [4] . Four of the included studies provided data on FLT3-ITD and NPM1. In one study [30] , patients with wild-type NPM1(NPM1 wt ) without FLT3-ITD or with a low allelic burden of FLT3-ITD (< 0. Yao [31] , 2017 PB PB, BM MSD, MUD Bu+Cy+Flu+Ara-C, Bu+Flu+Ara-C Bu+Cy+Flu+Ara-C, Bu+Flu+Ara-C BM, bone marrow; PB, peripheral blood; MSD, matched sibling donor; MUD, matched unrelated donor; BU, busulfan; Cy, cyclophosphamide; TBI, total body irradiation; MAC, myeloablative conditioning; RIC, reduced-intensity conditioning; Mel, melphalan; Ara-C, cytarabine; Flu, fludarabine; NR, not reported; NA, not applicable. a All patients used MAC regimen followed by alloSCT.
b Either MAC or RIC was used as regimen of alloSCT.
c In this study, 77% patients received a conditioning regimen containing high-dose cytarabine followed by autoSCT. DOI: 10.1159/000495206 wild-type (FLT3-ITD wt ) and NPM1 wt [17, 31, 32] . On the basis of whether data on FLT3-ITD were available or not, we divided the included studies into two subgroups: FLT3-ITD wt and FLT3-ITD unknown (FLT3-ITD uk ). Relevant subgroup analyses were conducted to evaluate the RFS and OS outcomes of alloSCT versus autoSCT. The intermediate risk criteria of each study are summarized in Table 3 .
Relapse-Free Survival RFS data were available for 10 studies. The interstudy heterogeneity was nonsignificant (p = 0.138), with I 2 = 33.8%. In a fixed-effects forest plot, the combined HR for RFS was 0.82 (95% CI: 0.73-0.92), indicating that alloSCT significantly reduced the incidence of death or relapse in intermediate-risk AML/CR1 (Fig. 2a) . We further evaluated the studies with subgroup analyses. Four studies used MSDs as donor for alloSCT (group 1), 4 studies used MUDs (group 2) (one study [34] used MSDs and MUDs separately), and 3 studies used MSDs or MUDs (group 3). Subgroup meta-analysis based on donor category showed an RFS benefit with alloSCT in groups 2 and 3 (HR: 0.74, 95% CI: 0.57-0.97; and HR: 0.69, 95% CI: 0.53-0.91, respectively; Fig. 2b) . A trend was found toward an RFS benefit with alloSCT in group 1 (HR: 0.86, 95% CI: 0.74-1.00; Fig. 2b) . A test of the interactions among the three groups was not significant. We subsequently evaluated RFS outcomes according to FLT3-ITD status. FLT3-IT-D wt AML had a combined HR of 0.77 (95% CI: 0.58-1.03) across 4 studies, indicating a lack of RFS benefit with alloSCT (Fig. 2a) . FLT3-ITD uk AML had a combined HR of 0.83 (95% CI: 0.73-0.94) across 6 studies, indicating a significant RFS benefit with alloSCT (Fig. 2a) .
Overall Survival
Ten studies reported intermediate-risk AML data for OS. Of note, none of the 10 studies showed significantly different OS between the alloSCT and autoSCT recipients. The interstudy heterogeneity was nonsignificant (p = 0.81), with I 2 = 0.0%. In a fixed-effects forest plot, the combined HR for OS benefit with alloSCT was 0.84 (95% CI: 0.73-0.97), indicating a statistically significant reduction in the hazard of death with alloSCT (Fig. 3a) . We further evaluated the studies with subgroup analyses. According to the donor category of alloSCT, 4 studies used MSDs (group 1), 4 studies used MUDs (group 2) (one study [34] used MSDs and MUDs separately), and 3 studies used MSDs or MUDs (group 3). Relevant subgroup analyses showed an OS benefit with alloSCT in group 1, but not in groups 2 and 3 (HR: 0.81, 95% CI: 0.67-0.98; HR: 0.88, 95% CI: 0.67-1.17; and HR: 0.79, 95% CI: 0.60-1.03, respectively), indicating that compared with autoSCT, alloSCT from MSDs rather than from MUDs had a better OS benefit (Fig. 3b) . A test of interactions among the three groups was not significant. We also evaluated OS outcomes by FLT3-ITD status. FLT3-ITD wt AML had a combined HR of 0.93 (95% CI: 0.69-1.26) across 4 studies, indicating a lack of OS benefit with alloSCT (Fig. 3a) . FLT3-ITD uk AML had a combined HR of 0.81 (95% CI: 0.69-0.96) across 6 studies, indicating a significant OS benefit with alloSCT (Fig. 3a) .
Relapse Rate
Seven studies reported intermediate-risk AML data for RR. The interstudy heterogeneity was nonsignificant (p = 0.209), with I 2 = 28.7%. In a fixed-effects forest plot, the overall HR was 0.53 (95% CI: 0.42-0.66). This outcome indicated that alloSCT significantly reduced the relapse of intermediate-risk AML compared with autoSCT (Fig. 4) .
Treatment-Related Mortality
Four studies reported intermediate-risk data for TRM. The interstudy heterogeneity was nonsignificant (p = 0.896), with I 2 = 0.0%. In a fixed-effects forest plot, the overall HR was 4.16 (95% CI: 3.37-5.15), indicating that the alloSCT group had higher non-relapse-related mortality than the autoSCT group did (Fig. 5) . 
Publication Bias
Egger's test was performed to access the publication bias in the literature. All studies investigating RFS yielded an Egger's test score of p = 1.0, indicating that there was no significant difference in publication bias for RFS. A similar result was found for OS (p = 0.283). The funnel plot also suggested that there was no publication bias for RFS and OS (Fig. 6 ).
Discussion
Intermediate-risk AML accounts for 60-70% of all cases of AML [13] and represents the gray zone for transplantation guidelines. Earlier donor versus no-donor studies evidenced a survival benefit with alloSCT over non-alloSCT therapies for intermediate-risk AML [13, 14] . Nevertheless, the donor versus no-donor analyses suffered from biologic randomization bias. Furthermore, most studies combined patients receiving autoSCT and conventional chemotherapy into the no-donor arm and included mostly young patients that received grafts from MSDs. With the advent of alternative donors (MUDs, haploidentical donors, and umbilical cord blood), donor versus no-donor studies have become obsolete. In some recent retrospective observations, autoSCT has been shown to provide similar survival to that of allo-SCT from MSDs and MUDs [16] [17] [18] .
Hence, we conducted a meta-analysis to compare survival outcomes of alloSCT from MSDs or MUDs versus autoSCT in intermediate-risk AML and demonstrated that alloSCT from MSDs rather than MUDs was associated with better OS than that with autoSCT, despite the RFS benefit of alloSCT using MUDs. Only one study comparing haploidentical-SCT with autoSCT was found [29] . In this study, the OS was significantly higher following autoSCT than haploidentical-SCT in intermediate-risk AML (71 vs. 58%, p = 0.03). We did not find any study comparing umbilical cord blood transplantation with autoSCT.
The major obstacle associated with autoSCT is the higher RR due to lack of graft-versus-leukemia effect and possibility of contamination of leukemic cells in the stem cell product [12] , although this can be counteracted partially by a lower TRM after autoSCT, as supported in the present study. For cytogenetically normal AML, which constitutes the majority of intermediate-risk AML [36] , molecular markers such as NPM1 and FLT3-ITD have been shown to provide additional prognostic information on RR [2] . Although patients with NPM1 mutations have an improved outcome with chemotherapy alone, FLT3-ITD mutations may negate the favorable prognosis of the NPM1 mutations and the outcome is poorer than when NPM1 is mutated and FLT3-ITD is germline [2, 37] . Many researches have reported that alloSCT can improve the survival outcomes for FLT3-ITD mut AML [38] [39] [40] . The subgroup analysis of the present study indicates that alloSCT and autoSCT have comparable outcomes for FLT3-ITD wt AML, whereas alloSCT has better outcomes than autoSCT for FLT3-ITD uk AML, of which some patients may be FLT3-ITD mut . In addition to molecular markers, the MRD status assessed by flow cytometry or molecular analysis is another vital prognostic factor. A series of studies demonstrated that MRD negativity at transplant was strongly correlated with better outcomes and had independent prognostic value [41] [42] [43] [44] [45] . Of the included studies in the current meta-analysis, 2 studies provided data on MRD status. In one European Society for Blood and Marrow Transplantation registry study [17] that compared alloSCT using MUDs with autoSCT, all patients were tested to be MRDnegative (molecular CR). According to European LeukemiaNet classification, patients were divided into favorable, intermediate-1, and intermediate-2 groups. In the favorable group, autoSCT was associated with a better OS than alloSCT was (83 vs. 62%, p = 0.008). In the intermediate-2 group, there was no significant difference between autoSCT and alloSCT outcomes for RFS (60 vs. 64%, p = 0.8) and OS (74.5 vs. 70.6%, p = 0.94). In the intermediate-1 group, which included AML with FLT3-ITD mut , autoSCT was inferior to alloSCT for RFS (39 vs. 70%, p < 10 -6 ) and OS (61 vs. 74%, p = 0.005). In the other study [31] , patients were stratified on the basis of cytogenetic and molecular abnormalities as well as MRD status. For patients with favorable and intermediate risks and negative MRD after one course of consolidation chemotherapy, autoSCT and alloSCT offered comparable outcomes; otherwise, autoSCT was inferior owing to a higher risk of leukemia relapse. All these results above support the conclusion that autoSCT may be suitable for patients with AML without MRD and adverse-risk molecular markers.
There are several limitations to our analysis. First, except for 2 prospective clinical trials, the rest of the studies were retrospective in nature with great inherent risk of bias, which should prompt us to interpret the results of the present meta-analysis with caution. Second, there were problems concerning the variety of different pretransplant conditioning regimens. Either myeloablative conditioning (MAC) or reduced-intensity conditioning (RIC) regimens were used before alloSCT. A meta-analysis published by Wahid et al. [46] showed that there was no OS benefit with MAC over RIC regimens. However, for autoSCT, several reports showed that a high-dose cytarabine-containing regimen provided a favorable longterm RFS of 61-71% [35, 47] . The pretransplant conditioning regimens are summarized in Table 2 . Finally, owing to the limited follow-up period (the median follow-up of the included studies was 57.6 months), we did not have information on the late recurrence rates, especially after autoSCT. Disease recurrence occurs mainly during the first 2 years after autoSCT, and therefore patients who survive free of disease recurrence after this period are considered to have a good prognosis [8] . However, Czerw et al. [48] conducted a study showing that cumulative incidence of relapse at 10 years was 16% for patients with AML who remained free of disease recurrence at least 2 years after autoSCT. Although these patients were easily rescued by alloSCT [49] , the result indicated the need for close monitoring MRD and additional leukemic control measures after autoSCT.
In summary, the present meta-analysis shows that in the absence of an available MSD, autoSCT remains a promising choice as PRT for patients with intermediaterisk AML/CR1. The absence of FLT3-ITD mut and MRD may favor the use of autoSCT over alloSCT with respect to ensuring the quality of life as well as comparable survival outcomes, and alloSCT from an alternative donor can be used to rescue patients who relapse after autoSCT. Our study may justify the reconsideration of randomized studies including autoSCT in patients with intermediaterisk AML/CR1, especially in the context of posttransplant immune-mediated cell therapy that may target clonogenic leukemic cells [50] .
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